generic term for all tocopherol (T) and tocotrienol derivatives. a-Tocopherol is the most abundant VE found in in vivo systems; however, plants and the normal diets of animals often contain g-T in almost equal or higher amounts. The a-tocopherol transfer protein (a-TTP), which is a cytosolic liver protein, binds to a-T with high specificity and selectively transports it from the liver to the blood stream 8) . This function of a-TTP is considered to be responsible for the abundance of a-T in vivo. It has been demonstrated that mutations in the gene encoding a-TTP in humans cause ataxia with isolated VE deficiency (AVED) 9) and autosomal recessive retinitis pigmentosa 10) . In a previous study, a mouse with targeted disruption of the a-TTP gene was generated 11) . Further, we recently reported that the plasma a-T concentrations in wild-type mice maintained on a regular diet and in a-TTP -/-mice maintained on a VE-deficient diet were 2100 and 6 nM, respectively (with the latter group showing a 350-fold decrease) and the liver tissue concentrations were 19.9 and 0.26 nmol/g, respectively (with the latter group showing a 77-fold decrease) at the age of 11 weeks 12) . Thus, maintaining a-TTP -/-mice on a VE-deficient diet leads to a severer VE deficiency than has ever been reported and provides an excellent model for assessing the role of VE in vivo.
We have recently reported that the total hydroxyoctadecadienoic acid (tHODE) and 8-iso-prostaglandin F 2a (t8-isoPGF 2a ), which are derived from linoleic acid and arachidonic acid, respectively, could be promising biomarkers for assessing lipid peroxidation in vivo 13, 14) . In the present study, we used a mouse model of severe VE deficiency to assess in an in vivo system the role of VE in inhibiting lipid peroxidation induced by the consumption of water containing a radical initiator. Further, we aimed to clarify whether the assessment of urinary biomarkers can appropriately reflect the status of oxidative stress in vivo. We measured the tHODE, total 7-hydroxycholesterol (t7-OHCh), and t8-isoPGF 2a levels in the blood and urine in a-TTP -/-mice maintained on a VE-deficient diet and compared these levels with those measured in age-matched wild-type mice fed diet containing normal VE.
MATERIALS AND METHODS

1
All the study protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the National Institute of Advanced Industrial Science and Technology. Male a-TTP -/-mice (B6.129S7 a-Ttp tm1Csk ; weight, 19-24 g) 11) obtained from an in-house colony were maintained on a VE-free diet (Funabashi Nojyo, Chiba, Japan) during the experimental period [ The mice were given water containing a water-soluble radical initiator, 2,2 -azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH, WAKO Pure Chem. Ind. Ltd., Osaka, Japan). As reported previously 16) , rats did not drink 2,2 -azobis(2-amidinopropane)dihydrochloride (AAPH, WAKO Pure Chem. Ind. Ltd., Osaka, Japan), of which reason is not known. Fresh drinking water containing 5 mM AIPH was prepared daily and continuously supplied to the mice aged 21 weeks (Week 12) until the age of 28 weeks.
3
VE in the blood and tissues were analyzed according to a previously described method 15) . A chloroform-methanol solution [450 ml, 2:1 (v/v)] was added to the homogenized suspension of tissues and mixed vigorously using a vortex mixer, and VE was then extracted by a centrifugation (15000 g, 4 , 20 min). a-T and g-T were separated on an LC-18 octadecyl silica (ODS) column (5 mm, 250 4.6 mm; Sigma-Aldrich Co., Tokyo, Japan) by using a methanol-tertbutyl alcohol solution [95:5 (v/v)] containing 50 mM sodium perchlorate as the eluent at a flow rate of 1 mL/min. The resolved compounds were detected using an HPLC unit equipped with an amperometric electrochemical detector (Nanospace SI-1; Shiseido, Tokyo, Japan) set at 800 mV. The VE concentrations were determined using standard samples of a-and g-T [purity, 99.9 wt%] that were kindly provided by Eisai Co. Ltd. (Tokyo, Japan).
, and 9(S)-hydroxy-10(E),12(Z)-octadecadienoic-9,10,12,13-d 4 acid (9-HODE-d 4 ) were obtained from Cayman Chemical Co. (Ann Arbor, MI). 9-Hydroxy-10(E),12(E)-octadecadienoic acid [9-(E,E)-HODE] and 13-hydroxy-9(E),11(E)-octadecadienoic acid [13-(E,E)-HODE) were obtained from Larodan Fine Chemicals AB (Malmo, Sweden). The method that was used for the analysis of tHODE and 8-isoPGF 2a has been reported previously 13) . Blood was collected from the inferior vena cava of the mice by using a heparinized syringe, and the erythrocytes and plasma were separated by centrifugation (1580 g, 10 min). The plasma (0.2 mL) was used for the subsequent analyses immediately. The
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erythrocytes were washed twice with a 4-fold volume of saline and adjusted to hematocrit value (HV) around 40 % with saline. Accurate HV was later determined by a hematocrit capillary (Cosmo-bio Ltd. Tokyo, Japan). The erythrocyte sample (HV ca 40 %) was extracted with 4-fold volume of methanol containing 100 mmol/L 2, 6-di-tertbutyl-4-methylphenol (BHT) by vortexing and centrifugation (20400 g at 4 for 10 min) and subjected to the analysis immediately. The internal standards and 1 mL of methanol were added to this solution and then subjected to reduction as described above. Subsequently, the reduced sample was mixed with 1 M KOH in methanol (1 mL) in the presence of nitrogen and incubated in a shaker at 40 for 30 min in darkness. The sample was then centrifuged (1580 g, 4 , 10 min), and the supernatant was diluted 4-fold with water (pH adjusted to 3) and acidified (pH 3) using 2N HCl. The acidified sample was centrifuged (1580 g, 4 , 10 min), and the supernatant was subjected to solid-phase extraction. The eluted solution was evaporated under a stream of nitrogen gas and 30 mL of a silylating agent, namely, N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), was added to the dried residue. The solution was vigorously mixed using vortex mixer for 1 min and incubated at 60 for 60 min to obtain trimethylsilyl esters and ethers. It was diluted with 70 mL of acetone, and an aliquot of this sample was then injected into a gas chromatography system (GC 6890 N; Agilent Technologies Co. Ltd., Palo Alto, CA, USA) equipped with a quadrupole mass spectrometer (5973 Network, Agilent Technologies Co. Ltd.). A fused-silica capillary column (HP-5MS, 5% phenyl methyl siloxane, 30 m 0.25 mm; Agilent Technologies Co. Ltd.) was used. Helium was used as the carrier gas at a flow rate of 1.2 mL/min. The temperature was programmed to increase from 60 to 280 at a rate of 10 /min. The injector temperature was set at 250 , and the temperatures of the transfer lines to the mass detector and ion source were 250 and 230 , respectively. The electron energy was set at 70 eV. The t8-iso-PGF 2a and tHODE concentrations were determined by using fragment ions of m/z 481 and 440, respectively. The internal standards used for the quantification of t8-iso-PGF 2a and tHODE were 8-iso-PGF 2a -d 4 (m/z = 485) and 9-HODE-d 4 (m/z = 444), respectively.
5
Statistical analyses were performed on a Microsoft personal computer by using the Student t test. Data are expressed as the mean values standard deviation (SD).
RESULTS
1 8 2a
As shown in , AIPH intake clearly elevated the plasma levels of tHODE (A) and t8-isoPGF 2a (C) in both the WT and KO groups except for the erythrocyte level tHODE in the WT group; this suggested that AIPH accelerated lipid peroxidation in vivo. Interestingly, the levels of both tHODE and t8-isoPGF 2a were higher in the KO group than in the WT group following AIPH administration. Further, AIPH administration significantly lowered the stereoisomer ratio of HODE (ZE/EE), which is a reflective of the efficacy of a compound as an antioxidant in vivo, in the KO group with AIPH was significantly lower than that in the WT group ( ). These data clearly demonstrated that a-T suppresses the lipid peroxidation in an in vivo system. In fact, the concentration of a-T in plasma was within the detection limit (0.1 mM) in the KO group. On the other hand, almost identical results were obtained among the 2 groups with and without AIPH in the erythrocytes ( ). The tHODE (A) and t8-isoPGF 2 a (C) levels increased and inversely the stereoisomer ratio decreased (B) significantly in KO group by AIPH. a-Tocopherol in erythrocytes was not detected in the KO group either. The levels of other antioxidants, vitamin C and coenzyme Q 9 , were not influenced significantly by AIPH or the type of mice and diet (data not shown).
2
Biomarkers, tHODE, t7-OHCh, and 8-isoPGF 2a in urine were tracked for 19 weeks. Urine samples were collected every week, and an aliquot of the sample was subjected to the analysis. As shown in and , although the levels of the biomarkers scattered weekly, they tended to increase by AIPH. However, there was no obvious difference between WT and KO groups. Interestingly, stereoisomer ratio of HODE (ZE/EE) tended to decrease with AIPH ( ).
DISCUSSION
In the present study, the a-T levels decreased remarkably in the blood and tissues of the mice in the KO group as compared to those in the WT group. Severe VE deficiency induced in a-TTP -/-mice by maintaining them on a VEdeficient diet is considered to provide an excellent model to assess the role of VE in vivo. We used wild type C57BL/6 mice as the WT control group. a-TTP -/-mice used in the current study were backcrossed with C57BL/6 mice. We consider that our results on biomarkers may be attributed to the differences in the tissue levels of VE between the WT and KO groups and/or the lack of the a-TTP gene in the mice of the KO group. The use of AIPH, which is a water-soluble radical initiator, to generate an in vivo model of oxidation is of particular interest. AIPH effectively forms a peroxyl radical, being more effective than AAPH 16) and it is interesting that the mice did drink water with AIPH but not with AAPH, although the reason for this is unknown at present. However, it can be said that the KO group mice who were provided AIPH-containing drinking water could serve as a good model for assessing lipid peroxidation and the antioxidative effects of VE in vivo.
It is known that the isomer distribution of HODE depends on the kinds of oxidants and the efficacy of antioxidants 17) . The racemic compounds 9(RS)-(E,E)-and 13(RS)-(E,E)-HODE, which are produced in equal quantities, are markers of free radical-meditated lipid peroxidation, although it is not clear what kinds of radicals initiate the chain oxidation. The generation of regio-, stereo-, and enantio-specific product 13(S)-(Z,E)-HODE clearly indicates oxidation by 15-lipoxygenase, while the generation of 10-and 12-HODE indicates oxidation by singlet oxygen. Here, we demonstrated that AIPH consumption elevated the plasma and erythrocyte levels of tHODE and t8-isoPGF 2a and that this elevation was more prominent in the KO group than in the WT group. However, there were no significant differences in the levels of the abovementioned biomarkers in the liver, kidney, and brain tissue (data not shown). We have previously reported that the tHODE levels in the liver were higher in rats that drank water containing AIPH than in those that drank water lacking it 18) . The reason for the discrepancy in our previous results and those of the present study is presently unknown. Interestingly, the urine levels of tHODE, t8-isoPGF 2a , and t7-OHCh tended to increase following AIPH consumption but, unexpectedly, they did not differ between the KO and WT groups. The present data provides an insufficient basis to conclude that urine is a good enough sample for evaluating the oxidative status in vivo. However, urinary isoprostanes are considered the most sensitive markers of lipid peroxidation and oxidative stress that can be assessed noninvasively 19, 20) . It is apparent that additional investigations are needed to confirm the validation of urine analysis for the evaluation of oxidative stress.
In summary, maintaining a-TTP -/-mice on a VE-deficient diet leads to a severe VE deficiency and promotes lipid peroxidation in the blood. 
